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With the progress of optogenetics, the activities of genetically identified neurons can be optically 
silenced to determine whether the neurons in question are necessary for the network performance 
of the behavioral expression. This logical induction is expected to be improved by the 
application of the Na
+
 pump rhodopsins (NaRs) which hyperpolarize the membrane potential 
with minimal influence on the ionic/pH balance. A new microbial-type rhodopsin, named KR2, 
from the marine flavobacterium Krokinobacter eikastus was characterized to be one of the light-
driven Na
+
 pumps which transport Na
+
 from inside to outside of the expressed cell under 
physiological conditions (Inoue et al., 2013). Previously we studied the photocurrent properties 
of KR2. Voltage-clamp recordings showed that exposure to green light evoked a robust outward 
photocurrent in cells transfected with KR2, although the expression was mainly localized in 
intracellular compartments. We also found that the generation of an action potential was 
completely blocked while the membrane potential was hyperpolarized by KR2-activation with 
green light. The KR2-mediated inhibition of spiking was quite stable, and remained effective for 
more than one minute. Based on these results, we proposed that KR2 could indeed work as an 
optogenetic silencing tool in heterologous systems. Meanwhile, we characterized another 
microbial rhodopsin named IaNaR from Indibacter alkaliphilus as a novel NaR which transports 
Na
+
 from inside to outside of the expressed cell under physiological conditions. In the present 
study, the photocurrent properties of IaNaR was compared with KR2 using the cultured ND7/23 
cells, hybrid cell lines derived from neonatal rat dorsal root ganglia neurons fused with the 
mouse neuroblastoma. Every expressing cell transfected with KR2 responded to green-yellow 
light (534-600 nm, 99 mW/mm
2
) robustly with an outward photocurrent under whole-cell clamp 
at a holding potential of 0 mV. The KR2 photocurrent was rapidly activated to form a peak 
current (Ip, 4.26 ± 0.97 pA/pF, n = 10), inactivated to form a steady-state current (Iss, 0.96 ± 0.20 
pA/pF, n = 10) and deactivated to the baseline. However, the photocurrent of IaNaR generated 
by green-yellow light (534-600 nm, 99 mWmm
-2
) was significantly smaller than that of KR2 for 
both Ip (0.22 ± 0.05 pA/pF, n = 10) and Iss (0.19 ± 0.05 pA/pF, n = 10) (P < 0.005, Mann-
Whitney U-test). However, in contrast to KR2, we found that IaNaR was well expressed in 
plasma membrane. Therefore, KR2 is advantageous for the optogenetic applications with larger 
photocurrent whereas IaNaR is suitable to the exogenous expression with better membrane-
targeting. The above results inspired us that some chimeric NaRs between KR2 and IaNaR may 
have strengths of both NaRs, the larger photocurrent and the improved membrane-targeting. To 
test this, six chimeric NaRs were made by replacing N-terminal transmembrane domains 
(TMDs) of KR2 with their counterparts of IaNaR on the assumption that the N-terminal domains 
of IaNaR should be involved in the membrane-targeting and they were named as I1K6NaR, 
I2K5NaR, I3K4NaR, I4K3NaR, I5K2NaR and  I6K1NaR. The fluorescence expression of each 
chimeric NaR was almost similar to that of IaNaR. Both the Ip and Iss of I1K6NaR were 
significantly larger than those of other chimeric NaRs as well as that of IaNaR. Therefore, 
I1K6NaR appeared to be a candidate chimeric NaR for optogenetic applications. Next, we 
compared the photocurrent properties of I1K6NaR with those of KR2. Similar to IaNaR, the 
magnitude of inactivation of I1K6NaR photocurrent was significantly smaller than KR2 (P < 
0.005, Mann-Whitney U-test). It was also smaller than other chimeric NaRs. The I1K6NaR 
photocurrent was different from KR2 photocurrent in the voltage sensitivity. When normalized 
by the value at 0 mV holding potential, the Ip has positive current-voltage (I-V) relationship to 
the membrane potential for either NaRs. Although the Iss of KR2 was almost insensitive to the 
membrane potential, particularly at the negative region, that of I1K6NaR was positively related to 
the membrane potential. To further test this, the slope of each normalized I-V relationship was 
calculated at the negative region of membrane potential (Sneg). The Sneg of I1K6NaR was 
significantly larger than that of KR2 for Iss (P < 0.005, Mann-Whitney U-test) whereas not for Ip. 
The I1K6NaR-expressing cortical neurons were silenced by green light irradiation stably for a 
certain long duration. With its rapid kinetics and voltage dependency, the photoactivation of 
I1K6NaR would specifically counteract the generation of action potentials with minimal 
hyperpolarization of neuronal membrane potential. 
 
